Abstract -Maize seedlings were subjected to concentrations of 0 and 100 mM of NaCl in Hoagland's nutrient solution medium in plastic pots containing perlite. Two levels of asparagine (5 and 10 mM) and glycerol (20 and 40 mM) were sprayed onto the leaves of maize seedlings 10 days after germination. Saline stress caused considerable decline in total dry mass, chlorophyll content and relative water content in the maize plants. It increased the activities of superoxide dismutase, catalase and polyphenol oxidase as well as electrolyte leakage, but did not alter the activity of non-specific peroxidise. Foliar application of asparagine or glycerol was found to be effective in checking shoot growth inhibition under NaCl stress. Exogenously applied asparagine or glycerol reduced superoxide dismutase, non-specific peroxidase and polyphenol oxidase activities in salt-stressed maize plants compared to those not treated with these organic compounds. Salinity increased Na + contents but reduced those of K + , Ca 2+ and P in the roots of the used genotype of maize. Foliar application of asparagine or glycerol increased the contents of K + , Ca 2+ and P, but it reduced that of Na + in salt-stressed maize plants as compared to those of the salt-stressed plants not supplied with glycerol or asparagine. Glycerol was more effective than asparagine in improving salinity tolerance of maize plants in terms of growth and physiological attributes measured in the present study.
Introduction
Soil salinity limits agricultural productivity, particularly in arid and semi-arid regions of the world (YAMAGUCHI and BLUMDWALD 2005, ASHRAF et al. 2008; ASHRAF 2009 ). Excessive amounts of soluble salts in soil decrease the osmotic potential of the soil solution which impairs uptake of water and nutrients thereby causing ion imbalance and toxicity in plants, while disturbing a variety of other key physiological and biochemical phenomena (LÄUCHLI and GRATTAN 2007) . The tolerance mechanisms plants employ to offset the adverse effects of saline stress have been extensively studied in the past (GREENWAY and MUNNS 1980, CUSHMAN et al. 1990 ). One of the key plant responses to salinity stress is the synthesis and accumulation of compatible organic osmolytes including quaternary ammonium compounds (STOREY and WYN JONES 1977, ASHRAF and FOOLAD 2007) , amino acids the most promising of which are proline (JAGER and MEYER 1977 , FOUGÈRE et al. 1991 , THOMAS et al. 1992 , polyols such as sorbitol and mannitol (CHEESEMAN 1988 , STOOP et al. 1996 , and organic acids (ALBERT and POPP 1977) , etc.. All these organic osmolytes are known to play a vital role in osmotic adjustment, a phenomenon which enables a plant cell to maintain turgor.
In plants, asparagine, one of the most common amides, has been reported to be the primary source of N for protein synthesis, particularly in actively growing tissues ( BROUQUISSE et al. 1992) . It is synthesized from aspartate and glutamine by the action of asparagine synthase in germinating seeds, where N released as a result of protein disintegration is transferred to aspartate, or in roots where different forms of N such as nitrates or dinitrogen are utilized (SIECIECHOWICZ et al. 1988) . Some reports show that the synthesis of most of the amides including asparagine, is up-regulated by some environmental cues (RABE 1990 , CHAFFEI et al. 2004 . Asparagine accumulation in plants in response to environmental adversaries could be an ammonium detoxification mechanism and a means to stock up N when protein synthesis is impaired in plants due to stressful environments (HERRERA-RODRIGUEZ et al. 2007) .
One of the most striking biochemical events taking place in plants exposed to adverse environmental factors is the generation of reactive oxygen species (DIONISIO-SESE and TOBITA 1998, ASHRAF 2009 ). These reactive oxygen species are known to perturb normal metabolism by causing considerable damage to nucleic acids, lipids, proteins (DAVIES 1987) . However, plants possess a variety of antioxidant enzymes which can easily counteract ROS. Of these antioxidative enzymes, superoxide dismutase (SOD) is known to scavenge O 2 -thereby producing H 2 O 2 and O 2 . The hydrogen peroxide (H 2 O 2 ) so produced can be scavenged by various peroxidases (POD) (DIONISIO-SESE and TOBITA 1998) . Polyphenol oxidase (PPO) is usually used as a molecular marker for ensuring the adequacy of high temperature treatment of fruit purees (WILLIAMS et al. 1986 ). However, it also acts as a potential selection criterion for salt tolerance For example, while appraising the effect of salinity on senna (AGARWAL and PANDEY 2004) and bean seedlings (DEMIR and KOCALISKAN 2001) PPO was found to be a good indicator of salinity tolerance in these plants.
Very few reports can be found in the literature on the effect of exogenous application of glycerol or asparagine on growth of plants under salt stress. For example, in Ricinus communis presoaking seed treatment with glycerol or aspartic acid, one of the precursors of asparagine synthesis, improved growth and secondary products , and in rice seedlings, exogenous application of D-asparagine offset the inhibitory effects of salinity on shoot growth, whereas L-asparagine improved root growth (LIN and KAO 1995) . These studies suggested a reason to examine the effects of these two organic substances on other crops so as to reinforce the database on the regulatory effects of these compounds on different potential crops. So, the present investigation was undertaken to assess whether exogenous application of asparagine or glycerol to maize plants could improve growth and mineral nutrition. Also assessed was whether exogenously applied asparagine or glycerol could alter the activities of some key enzymes of oxidative defence system involved in counteracting the reactive oxygen species produced in maize plants under salt stress.
Materials and methods

Plant material and treatments
Before the initiation of the experiment, the caryopses of maize cv. DK 847 F1 were surface-sterilized in 0.1% (w/v) sodium dodecyl sulfate solution for 20 min and then thoroughly rinsed with sterile deionized water. The caryopses were then placed on sterile filter paper (two sheets) moistened with deionised water after they had been pre-soaked in deionised water for 6 h at 28°C. Five sterilized caryopses were planted in 8 kg peat contained in each plastic pot and all pots placed in a growth room at 27±2°C with light intensity 350 mmol photons m -2 s -1 and RH ranging from 60 to 70%. Soon after germination, the seedlings were thinned to three per pot. After 7-day growth, treatments of salt and growth regulators were initiated. The salt treatments consisted of control (without NaCl) and 100 mM of NaCl in full strength Hoagland's nutrient solution. Two levels (5 and 10 mM) of asparagine (Asn) and two (20 and 40 mM) of glycerol (G) were sprayed onto the leaves of maize seedlings 10 days after germination. The Asn or G solutions mixed with 0.01% of a surfactant solution were sprayed once a week from day 10 after germination up to day 35, on the leaves of maize plants at a rate of 50 mL per pot. The control plants received an equal amount of water containing only 0.01% Tween-20. The samples were harvested at 35 DAP (days after planting).
The composition of Hoagland's nutrient solution used was (mg L -1 ): 270 N, 31 P, 234 K, 200 Ca, 64 S, 48 Mg, 2.8 Fe, 0.5 Mn, 0.5 B, 0.02 Cu, 0.05 Zn and 0.01 Mo. The pH of the treatment solutions was maintained at 6.5 by the addition of a few drops of 0.1 mM KOH. Each treatment had four replicates (each containing 3 plants) arranged in a completely randomised design.
Leaf relative water content (RWC)
A fully expanded youngest leaf (3 rd leaf) from each plant was excised and used to measure RWC following the method described by BARRS and WEATHERLEY (1962) . Entire fully expanded leaves were used so as to minimize solute leakage due to excision effect.
Chlorophyll determination
One plant per replicate was used for measuring chlorophyll content. Fresh leaf samples (1.0 g each) were triturated in 90% acetone. The optical density of each filtered sample was read at 645 and 663 with a Pye Unicam UV-visible spectrophotometer (Model SP6-550, Pye Unican, UK) and chlorophyll concentrations worked out following STRAIN and SVEC (1966) .
Free proline determination
The protocol devised by BATES et al. (1973) was used to determine free proline in fresh leaves (3 rd leaf from top). Proportions of fresh leaf samples (0.5 g each) were triturated each in 10 cm 3 of aqueous sulfosalicylic acid solution (3%). An aliquot (2 cm 3 ) of the filtrate was treated with 2 cm 3 acid-ninhydrin and 2 cm 3 of glacial acetic acid. Afterthe mixture was heated for 1 h at 100°C in a water bath, it was extracted with 4 cm 3 toluene. The chromophore containing toluene was aspirated, cooled down to room temperature, and the optical density was read at 520 nm.
Electrolyte leakage
The electrolyte leakage (EL) was estimated following DIONISIO-SESE and TOBITA(1998) . Fresh leaf samples (3 rd leaf) were cut into small pieces (5 mm length) and placed in 10 cm 3 distilled deionized water contained in a test tube. The tubes were heated to 32°C in a water bath. After 2 h of incubation, the initial electrical conductivity of the medium (EC 1 ) was measured using a digital conductivity meter (S47-K, Mettler Toledo). Thereafter, all samples were autoclaved at 121°C for 20 min to kill the tissues so as to release all the electrolytes. The samples were then cooled to 25°C to record final electrical conductivity (EC 2 ). EL was calculated using the following formula:
Soluble protein content
Soluble protein content in the enzyme extracts was determined following BRADFORD (1976) using Bovine Serum Albumin fraction V as a standard.
Enzyme determination
Fresh leaves (0.5 g each sample) were triturated in 50 mM sodium phosphate buffer (pH 7.0) containing 1% soluble polyvinylpyrolidine (PVP). The extract was centrifuged at 20,000 g for 15 min at 4°C and the supernatant used for the assays of the activities of superoxide dismutase (SOD; EC 1.15.1.1), polyphenol oxidase (PPO; EC 1.10.3.1), catalase (CAT; EC 1.11.1.6) and non-specific peroxidase (POD; EC 1.11.1.7).
The activity of SOD was assayed following the assay described by BEAUCHAMP and FRIDOVICH (1971) for appraising the activity of SOD, which entails monitoring the enzyme's ability to hinder the photochemical reduction of nitro-blue tetrazolium (NBT). One unit of SOD was defined as the amount of enzyme used to inhibit the reduction of cytochrome C by 50%.
Catalase activity was appraised following KRAUS and AUSTIN-FLETCHER (1994) by assessing the utilization of H 2 O 2 at 405 nm.
The POD activity was determined following CHANCE and MAEHLY (1955) by adding the tissue extract (100 mL) to 3 mL of assay solution. The enzyme assay solution consisted of 3 mL of the reaction mixture containing 13 mM guaiacol, 5 mM H 2 O 2 and 50 mM sodium-phosphate buffer (pH 6.5). An increase in absorbance at 470 nm for 1 min at 25°C was read on a UV-visible spectrophotometer. The increase in A 470 was measured for 3 min and activity expressed as DA 470 per mg of protein per minute Polyphenol oxidase (PPO) activity was appraised following ZAUBERMANN et al. (1991) . Fresh leaf samples (0.5 g each) were triturated in 10 mL of 0.1 mol L -1 sodium phosphate buffer (pH 6.8) and 0.2 g of polyvinylpyrrolidone (PVP). The samples were centrifuged at 19,000 g for 20 min, and the supernatant was used for enzyme assay. The increase in absorbance at 410 nm at 25°C was read automatically for 5 min. One unit of enzyme activity was defined as an increase of 0.01 in absorbance per min per mg protein.
Analysis of nutrients and measurement of dry weight
All shoot and root samples were dried at 65°C in an oven to constant dry weights. For chemical analyses, the dried and ground samples were ashed in a muffle furnace at 550°C for 6 h, and the white ash so obtained was dissolved in 5 mL of 2 M hot HCl. After all samples had been properly filtered, the volume of each sample was raised to 50 mL by adding distilled deionized water. Phosphorus in these sample digests was determined by the vanado-molybdate method. The concentrations of Na + , Ca 2+ and K + in these digested samples were analyzed using inductively coupled plasma (ICP) spectometry (CHAPMAN and PRATT 1982) .
Statistical analysis of data
The experiment was conducted twice under the same environmental conditions. Statistical analysis of the data for two different experiments showed that there were no significant differences between the two experiments. Hence, the data presented here are the means of the two individual experiments. Each experiment was arranged in a completely randomized design and each treatment had four replicates (each containing 3 plants). Data for each attribute were subjected to a one-way analysis of variance and the LSD worked out at p £ 0.05 using the Statview software programme to compare the treatment means.
Results
Salinity stress caused a marked suppression in shoot and root dry mass of the maize plants. However, Asn or G foliar-applied to salinized maize plants proved to be effective in significantly increasing plant dry biomass (Tab. 1). Glycerol was more effective than asparagine in increasing dry mass in salt-stressed maize plants. Root:shoot dry weight ratio increased markedly under salt stress reflecting the fact that shoot growth was more adversely influenced by salt than root growth. However, application of Asn or G resulted in a decrease of the root:shoot ratio. There was a marked reduction in leaf RWC in the maize plants under saline stress compared to that under the control treatment (Tab. 1). However, foliar application of Asn or G caused a significant improvement in RWC in the salt-stressed maize plants and there was more improvementwith glycerol.
Chlorophyll (Chl a and b) contents decreased significantly in plants grown under NaCl stress. However, exogenously applied Asn or G increased chlorophyll contents in the salt-stressed plants compared to those in the salt-stressed plants not supplied with Asn or G (Tab. 2). Glycerol was again more effective than asparagine in increasing chlorophyll con-tents of the salt-stressed maize plants. Electrolyte leakage (EL) is considered to be a promising indicator of stress-induced membrane damage. Electrolyte leakage was markedly greater in the salt-stressed plants than that in the control plants (Tab. 2). However, Asn or G foliar-applied to the salinized plants considerably reduced EL in the leaves compared with the salinity-stressed plants that received neither Asn nor G (Tab. 2). Glycerol was more effective than asparagine in reducing EL in the salt-stressed maize plants.
Free proline levels were higher in the maize plants grown under saline stress than in those in the control plants. However, Asn or G foliar-applied to the salinized plants decreased proline levels compared to the salt-stressed-maize plants receiving no treatment of Asn or G (Tab. 2). The effect of foliar application of G in reducing the proline content was more striking than that of Asn.
Salinity stress up-regulated the activities of SOD, CAT and PPO, but it did not alter that of POD. Exogenously applied Asn or G reduced the activities of SOD, POD and PPO in the 162 ACTA BOT. CROAT. 72 (1), 2013 KAYA C., AYDEMIR S., SONMEZ O., ASHRAF M., DIKILITAS M. 3). Although POD activity was not altered due to salt stress, it was reduced considerably due to exogenous application of asparagine or glycerol and there was greater reduction with glycerol application. Glycerol application was again more effective than that of asparagine in reducing the activities of all enzymes.
Saline growth medium caused a marked increase in leaf Na + but a decrease in those of leaf K + , Ca 2+ and P in maize plants. The maize plants grown under saline regime accumulated considerably lower Na + and higher K + , Ca 2+ and P upon foliar applications of Asn or G than the salt-stressed plants that did not receive Asn or G (Tab. 4). Sodium:potassium (Na:K) ratio was found to be elevated significantly in the leaves of maize plants exposed to NaCl stress, but exogenously applied Asn or G to salinized plants significantly decreased the Na:K ratio. Asparagine was found to be more effective than glycerol in improving the contents of Ca 2+ and K + in the leaves of salt-stressed maize plants, but it was less effective in reducing leaf Na 
Discussion
From the data for different growth attributes such as shoot and root dry weights and total plant dry biomass, it is amply clear that foliar-applied asparagine or glycerol improved the growth of salt-stressed maize plants as compared to those not supplied with asparagine or glycerol. However, growth improvement was more marked with glycerol than with asparagine. The relatively greater effectiveness of glycerol in promoting the growth of salt--stressed maize plants can be related to the data for RWC, plant pigments (Chl. a and b) and electrolyte leakage. It is pertinent to note, however, that both asparagine and glycerol increased RWC and chlorophyll a and b contents, and reduced electrolyte leakage in the salt-treated maize plants compared with those not treated with asparagine or glycerol. Thus, the greater improvement in the growth of maize plants with glycerol application could have been due to a substantial glycerol-induced increase in RWC and chlorophyll a and b contents, and a decrease in electrolyte leakage. Glycerol is a common cellular metabolite that acts effectively as both an osmoregulator and an osmoprotectant (SHEN et al. 1999 , ASHRAF and HARRIS 2004 , COURCHESNE et al. 2011 . It is also one of the vital intermediates involved in energy metabolism in both prokaryotes and eukaryotes (FERREIRA et al. 2005) . In a recent study, exogenous application of glycerol as a pre-sowing seed treatment to salt-stressed Ricinus communis plants resulted in a marked improvement in growth .
Electrolyte leakage from cellular membranes is one of the prominent salinity-induced effects on most plants. This membrane characteristic is contemplated as one of the viable indicators of salt tolerance (SAIRAM et al. 2002 , ASHRAF and ALI 2008 , MANSOUR 2012 . The considerable effect of glycerol on checking electrolyte leakage in the salt-stressed maize plants could be because exogenously applied glycerol might increase intra-cellular glycerol concentration, which in turn, alters membrane permeability, as earlier reported by BROWN (1990) and ALBERTYN et al. (1994) . It is also possible that glycerol stabilized cell membrane proteins including transport proteins to check electrolyte leakage (SCHEIN 1990) .
The growth of salt-stressed maize plants was also improved with asparagine application, though less than with glycerol. Such improvement in growth due to exogenous application of asparagine was earlier observed in rice (LIN and KAO 1995) . Like other important amino acids and amides, asparagine serves as a vital nitrogen and carbon reservoir during osmotic stress (MARTINELLI et al. 2007 , SULIEMAN et al. 2010 . Despite the involvement of asparagine in the storage of reduced N in salt-stressed plants (STEWART and LARHER 1980, RABE 1990) , it plays a central role in osmoregulation of plants exposed to osmotic stress (COLMER et al. 1995 , MAAROUFI-DGUIMI et al. 2011 .
Accumulation of compatible osmolytes is one of the distinctive responses of plants subjected to salt stress. Among different compatible osmolytes known in plants, proline has been widely studied because it plays a multitude of functions in the metabolism of plants subjected to salt stress, in addition to its significant role in osmoregulation as well as osmoprotection (ASHRAF and FOOLAD 2007) . The data for proline content shows that proline content decreased markedly in salt-stressed maize plants supplied with asparagine or glycerol. However, more reduction took place in proline due to glycerol application. A strong body of evidence shows that both asparagine (ASHRAF and HARRIS 2004, LEA et al. 2007) and glycerol (FERREIRAet al., 2005 , MARTINELLI et al. 2007 ) are also potential osmolytes and analogous to proline in regulating many physio-biochemical processes. It is highly likely that the reduction in proline content in salt-stressed plants may have been due to an antagonistic effect of asparagine and glycerol with proline.
Although salt stress enhanced the activities of some key antioxidant enzymes, SOD, PPO and CAT, the exogenously applied asparagine and glycerol considerably reduced the activities of these enzymes while glycerol was more effective in reducing the antioxidant enzyme activities. It is now evident that glycerol could act as a scavenger of reactive oxygen species (ROS) possibly generated by different stresses including salt stress (SMIRNOFF and CUMBES 1989 , SHEVELEVA et al. 1997 , SHEN et al. 1999 . Thus, in cases in which other alternative ROS scavengers are available to plants, a reduction in the levels of antioxidant enzymes determined in the present study can be expected. Although asparagine also caused reduction in the activities of antioxidant enzymes in salt-stressed maize plants, its role as an antioxidant has not been established (LIU et al. 2004) .
Exogenous application of asparagine and glycerol was also found to be effective in regulating the levels of different elements such as Na + , K + , Ca 2+ and P in the leaves and roots of salt-stressed maize plants. Exogenously applied glycerol reduced leaf Na + more effectively than asparagine, although both osmolytes remained almost equally effective in reducing root Na + . This could also be one of the reasons for the greater effectiveness of glycerol than asparagine in improving growth of salt-stressed maize plants. However, in contrast, asparagine was more effective in improving leaf Ca 2+ and K + as well as root K + in salt-stressed maize plants. The differential effectiveness of glycerol and asparagine in regulating the levels of important inorganic nutrients may have been one of the factors in the differential improvement of growth in salt-stressed maize plants.
Overall, foliar application of asparagine or glycerol caused a substantial improvement in growth of maize plants of genotype DK 647 F1 under salt stress. This asparagine-or glycerol-induced growth improvement was found to be associated with improved relative water content and photosynthetic pigments and decreased electrolyte leakage from cellular membranes in this maize genotype. Both glycerol and asparagine significantly reduced leaf proline content and the activities of SOD, PPO and CAT and differentially regulated the levels of different inorganic nutrients in salt-stressed plants of the genotype. Glycerol was found to be more effective than asparagine in regulating growth and physiological processes in salt-stressed plants of the genotype because it has a dual function i.e. as an osmolyte and as a scavenger of reactive oxygen species, whereas the function of asparagine as an antioxidant has not yet been established. We have used only one genotype to examine the effects of glycerol and asparagine, and the results presented here cannot be generalized unless such effects are observed in a number of maize genotypes.
